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On-chip high-speed sorting of micron-sized particles
for high-throughput analysis
D. Holmes, M.E. Sandison, N.G. Green and H. Morgan
Abstract: A new design of particle sorting chip is presented. The device employs a dielectrophoretic
gate that deﬂects particles into one of two microﬂuidic channels at high speed. The device operates
by focussing particles into the central streamline of the main ﬂow channel using dielectrophoretic
focussing. At the sorting junction (T- or Y-junction) two sets of electrodes produce a small
dielectrophoretic force that pushes the particle into one or other of the outlet channels, where they
are carried under the pressure-driven ﬂuid ﬂow to the outlet. For a 40mm wide and high channel, it
is shown that 6mm diameter particles can be deﬂected at a rate of 300/s. The principle of a fully
automated sorting device is demonstrated by separating ﬂuorescent from non-ﬂuorescent latex
beads.
1 Introduction
The ability to rapidly detect, identify and subsequently sort
particles in ﬂuid suspension has great importance in a wide
variety of ﬁelds. Applications include combinatorial chem-
istry, clinical diagnostics, water and food quality monitoring
and biohazard detection. Combinatorial chemistry is often
performed using polymer beads as substrates, onto which a
wide variety of chemical reactions and syntheses are
performed (e.g. gene expression analysis [1]). The ability
to analyse and sort large numbers of beads rapidly and
accurately, is therefore of great importance. Typically,
beads in the 5–10mm diameter size range are used, as they
represent a good surface area to volume ratio on which
to perform the chemistry. Beads can be processed using
commercial ﬂow-cytometers, but these are expensive and a
chip-based platform provides much greater ﬂexibility.
Flow cytometry is also of importance in clinical
diagnostics where the analysis of biological samples is
routinely carried out for the diagnosis of various medical
conditions (e.g. differential blood counts, detection of
pathogenic organisms, etc). Again, commercial ﬂow-cyt-
ometers are used but the cost of running these machines is
high and they require skilled operators.
In recent years a number of groups have developed
prototype microchip-based ﬂowcytometers for both the
detection and sorting of particles [2–7]. These devices have
the potential to substantially reduce the cost of diagnosis, as
the chips could be disposable. They also require much lower
volumes of reagent. Generally, particles are focussed
hydrodynamically so that they all pass through a small
detection region. Sorting is implemented downstream of this
detection region. Hydrodynamic focussing in micro-devices
generally acts only in one dimension, although a number of
complex fabrication schemes have been proposed to achieve
true two-dimensional focussing [8–9]. Particles move
through the device under an externally applied hydrostatic
pressure gradient, or under electro-osmotic ﬂow (EOF).
Both techniques manipulate the suspended particles indir-
ectly by controlling the movement of the ﬂuid. However,
ﬂuid-based sorting requires complex valving arrangements
whilst EOF devices require high voltages to be switched
between the different channels. In most of these devices, the
sorting rates have been relatively low when compared with
commercially available ﬂow-cytometer systems (tens of
particles per second compared with 10000 particles
per second) [10]. A recent paper by Wolff and co-workers
demonstrated how rare particles could be selected using off-
chip switching of ﬂuid ﬂows [9]; however, the purity of the
sorted sample was low.
An alternative method of particle manipulation is
dielectrophoresis (DEP). This is a non-contact technique
w h i c hu s e sA Cv o l t a g e st om o v ep a r t i c l e st o w a r d so ra w a y
from microelectrodes [11, 12] fabricated within the device.
Sorting chips based on DEP particle manipulation techni-
ques do not need complex valve arrangements to control
the ﬂuid and have the potential to produce high-speed
sorting devices, which could be dynamically conﬁgured
from a network of ﬂuidic channels by choosing appropriate
electrode combinations. Compared with EOF, the applied
voltages are low (in the region of 10–20V at frequencies of
1MHz), so that there is no need for high-voltage switching
and the problems of bubble generation at the electrodes
surface due to electrolysis are eliminated.
Previous DEP-based particle sorting schemes have been
implemented by a number of groups [e.g. 3, 5, 11–14]. These
sorters typically use long strip electrodes on the upper and
lower channel surfaces to form negative DEP barriers.
These DEP barriers, inclined at an angle to the ﬂuid ﬂow,
are used to push particles tangentially across the ﬂow
channel and direct them into the desired channel outlet.
This method of particle separation is relatively slow as the
sort region in such conﬁgurations may be an appreciable
fraction of the channel width. These DEP-based particle
sorters have been implemented in relatively large micro-
ﬂuidic channels (4200mm wide) and have been limited in
speed by the fact that the particles must be moved several
10s to 100s of microns across the channel to allow sorting.
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IEE Proc.-Nanobiotechnol., Vol. ,N o .,   1A consequence of this is that to sort individual particles
accurately (i.e. to achieve high purity in the sorted sample)
the particle concentration in the channel must be low.
Gawad et al. [5] suggested a method of temporarily
collecting and holding particles in a negative DEP trap at
the sorting junction, then releasing the particle in a
controlled manner into the desired outlet. This enabled
faster sorting, but at the cost of exposing the cells to the
DEP electric ﬁelds for extended periods, with the resulting
potential for cell damage.
In this paper we present a novel device conﬁguration for
high-speed DEP sorting based on the use of microfaricated
electrodes positioned at a Y- or T-junction of a small
microﬂuidic channel. A particle analysis region is situated
near the sorting junction. Rapid switching of sort pulses
allows precise sorting of individual cell-sized particles. We
describe the principle of this device and demonstrate its
application by automatically sorting latex beads according
to their ﬂuorescent properties.
2 Principle of operation
A schematic diagram of the device is shown in Fig. 1. The
device has three principle components, focussing electrodes,
an analysis region and a sorting region or gate. SEM images
of the device prior to bonding the lid are shown in Fig. 2a
and an optical image with dimensions is shown in Fig. 2b.
The device operates as follows. With reference to Fig. 1,
particles enter the chip suspended in an electrolyte. The ﬂuid
suspension is driven by an external pump. Because the
distribution of particles is random, a set of electrodes is used
to focus particles (by negative DEP) into a beam one
particle wide, thus ensuring that all the particles follow the
same trajectory and travel along the central axis of the main
channel at the same velocity. Precise focussing is important
and ensures that all the particles pass through the detection
region in a reproducible way. It is also critical to the
successful operation of the sorter, as explained below.
Figure 1 shows that immediately after the detection zone,
the ﬂow divides symmetrically into two outlets. Prior to the
outlet, particles move along the central streamline, and
therefore each particle has an equal probability of being
carried by the ﬂuid into either of the two outlets. Deﬂection
of particles at the junction is achieved using negative DEP
which is generated by three pairs of micro-electrodes (a set
of three on the top and bottom of the channel) fabricated at
the junction as shown in the Figure. As a particle ﬂows into
the junction, a negative DEP force deﬂects it off the central
streamline. Depending on which electrodes are energised,
particles can be deﬂected in one of two directions. Unlike
direct hydrodynamic control, the signal applied to the
sorting electrodes can be switched at high speed and deﬂects
the particle rather than the ﬂuid. Due to the unstable
equilibrium position of the particle at the centre of the
channel, the force required to achieve deﬂection is small; the
only requirement is that the particle is deﬂected sufﬁciently
off the central stream line so that the ﬂuid carries the
particle into the appropriate outlet.
The principle of operation of the gate can be seen by
reference to Fig. 3. This shows a numerical simulation of
the force vectors acting on a particle for an ideal
arrangement of three electrodes as shown in the Figure.
The arrows indicate the net force acting on a particle, i.e.
the sum of the hydrodynamic and dielectrophoretic forces.
The simulation is for the Y-channel geometry shown in
Fig. 1 with three electrodes placed at the corners of the
interrogation
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Fig. 1 Diagram of the cell sorting chip comprising focussing
electrodes, detection zone and sorting electrodes. Note that this
diagram shows one half of the device (top or bottom). The full chip is
made from two halves bonded together
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Fig. 2
a SEM images of the DEP particle sorter prior to bonding of the
channel lid. The inlet channel is 150mmw i d eb y4 0 mmh i g hi nt h e
main channel, splitting into two outlet channels 75mmw i d eb y4 0mm
high
b Optical micrograph of the smaller sorting channel, showing details of
the sorting region giving electrode and channel dimensions
2 IEE Proc.-Nanobiotechnol., Vol. ,N o .,  channel as shown in the diagram. Figure 3a shows the
s i t u a t i o nw i t hn oa p p l i e dv o l t age, the simulation showing
how the ﬂuid velocity is reduced by 50% when it divides
into the two arms of the Y. Figure 3b shows the situation
when a 20V peak-to-peak signal at 10MHz is applied to
the right-hand electrode, with the other two electrodes
connected to 0V. The plot shows how the force on a
particle in the region of the junction pushes it into the
opposite channel. Figure 3c shows the forces acting on the
particle in a cross-section of the device, marked A–B in
Fig. 3b. The electrodes not only push a particle down one or
other arm of the device but also centre the particle (from
top to bottom) within the channel.
A fully automated particle sorter was constructed to sort
particles on the basis of a ﬂuorescence signal. The chip was
mounted in a ﬂuorescence microscope and light was
focussed into a small spot downstream from the focussing
electrodes as shown in Fig. 1. The ﬂuorescence signal from
single particles was measured at high speed using a
photomultiplier, as the particles ﬂowed through the device.
The information was digitised, processed in real time and
used to control the switching of the appropriate voltages to
the sorting electrodes. Further details of the control system
are given below.
3 Experimental
3.1 Particles
10mm diameter FITC-labelled, polystyrene beads (F-8836)
were purchased from Polysciences Inc. and 6mmd i a m e t e r
LinearFlowt Cy5-labelled, intensity calibration beads
(L-14819) were purchased from Molecular Probes Inc.
These beads come as a matched set loaded with various well
deﬁned amounts of Cy5 ﬂuorescent probe. Three intensities
of beads were used in this work: 4%, 20% and 100%. The
beads were suspended in phosphate buffered saline (PBS)
diluted with water to a conductivity of 0.3Sm
1.
3.2 Channel design and fabrication
Two sizes of device were constructed and tested in this
work; one with an inlet channel 80mmw i d ea n d4 0mmh i g h ,
dividing into two outlet channels of equal dimensions 40mm
wide and 40mm high. A second devices was also fabricated
with an inlet channel 150mmw i d eb y4 0mm high, splitting
into two channels 75mmw i d eb y4 0 mm high. An SEM
image of the larger of the devices is shown in Fig. 2a.F i g u r e
2b is a photo of the smaller device showing details of the
channel and electrode dimensions. The smaller channels
were used for the majority of the experimental work; the
larger devices was used for automated sorting.
Devices were constructed from 500mm thick borosilicate
glass slides. Electrodes were fabricated using standard
photolithographic methods and consisted of a Ti/Au/Ti
trilayer (10nm/100nm/10nm). After electrode fabrication a
200nm thick layer of silicon nitride (SiN) was deposited
over the entire substrate using plasma enhanced chemical
vapour deposition (PECVD). The SiN covering the
electrode edges and bonding pads was removed by reactive
ion etching (RIE) in an Oxford Plasmatech BP80 machine
(5min at 100W, 15mT and 20mlmin
1 C2F6), using S1818
photoresist (Shipley) as an etch mask.
The microﬂuidic channel was constructed as follows: one
of the substrates (with electrodes) was coated with a 40mm
thick ﬁlm of Durimide 7020 polyimide (Arch Chemicals
Ltd, UK) and patterned according to the manufacturer’s
guidelines [15] to produce the ﬂow-channel. The two
substrates (one with a polyimide channel and one without)
were aligned and brought into contact using a Canon HTG
mask aligner. A drop of UV-curable glue was placed at the
edge of the aligned substrates, temporarily holding the
aligned chip prior to thermal bonding. The two halves were
thermally bonded by clamping the aligned chip and baking
in a nitrogen-ﬁlled oven. The temperature was ramped at a
constant rate from 901C to 3501C over 120min, then held
at 3501C for 60min, before cooling down to room
temperature. Bonded chips were mounted onto a PCB
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Fig. 3 FEM showing the force vectors experienced by particles in
a Y-shaped sorting channel
a With electric ﬁeld switched off (electrodes at 0V) only ﬂuid acts on
the particles
b Effect of ﬂuid ﬂow and a 20V peak-to-peak 10MHz signal applied
to the right-hand electrode, other electrodes are held at 0V
c Cross-sectional view vertically through the channel along plane A–B
a ss h o w ni nF i g .2 b
IEE Proc.-Nanobiotechnol., Vol. ,N o .,   3which provided the electrical connections. Inlet and outlet
holes for the ﬂuidics were drilled through one of the
substrates prior to bonding, using diamond tipped drill bits
(Diama Ltd., UK). The particle suspension was passed
through the device using a syringe pump (Cole Palmer,
74900) and ﬂow velocities were in the region of
1–10mms
1.F i g u r e2 a shows SEM images of a device
prior to bonding, showing the polyimide channel and DEP
electrodes. The sorting region electrodes and focussing
electrodes can be seen. The SiN layer was opened up over
the edges of the electrodes, ensuring that only that portion
of the electrodes was in contact with the ﬂuid, reducing the
potential for joule heating of the ﬂuid between the
electrodes.
3.3 Optical detection system
A diagram of the optical setup is shown in Fig. 4. Two
illumination options were used, a 100W mercury arc lamp
(Zeiss) and a 10mW HeNe laser (632.8nm). Both light
sources were coupled into the back port of a Zeiss Axiovert
200 ﬂuorescence microscope via an optical switch (ﬂipper
mirror and mechanical housing), which allowed selection of
one of the two light sources. An optical scrambler
(Technical Video Inc., USA) was used to expand the laser
beam. The optical scrambler consists of a lens for coupling
the laser into a high-numerical aperture-optical ﬁbre, the
output light from the ﬁbre then being passed through a two-
lens beam expander. The excitation light was imaged onto
the chip using a 20 objective lens (0.75 NA, Zeiss Fluar)
giving an illumination area of approximately 50mmi n
diameter. Fluorescence emission from the beads was
collected using the same objective lens. Emitted light was
ﬁltered using either a Cy5 (when using the laser or mercury
lamp) or FITC (when using the mercury lamp) ﬁlter set
(Glen Spectra Ltd., UK). The emitted light was spatially
ﬁltered to reduce the noise using a 50mm diameter pinhole
positioned at the primary focal plane of the microscope
camera port, giving a ﬁnal detection region of approxi-
mately 3mm diameter. Fluorescence was collected and
quantiﬁed using a photomultiplier (H7710-03, Hamamat-
su), with power supply (C7169, Hamamatsu) and ampliﬁer
(C7319, Hamamatsu) fed into a DAQ (NI6040E, National
Instruments). Particles moving through the channel were
simultaneously imaged using a high-sensitivity digital
camera (Orca ER, Hamamatsu) attached to a second port
on the microscope. The frame rate of the camera was set to
42 frames per second.
3.4 Real-time control
The ampliﬁed analogue signal from the PMT was digitised
using a National Instruments Real Time card (RT series
plug-in board NI 7030/6040E). The data from the PMT
was processed and used to activate the appropriate sorting
electrodes via a control algorithm written in LabVIEWt.
Sorting was triggered when a ﬂuorescence signal was
measured above a user-deﬁned threshold. The control
program generated a digital output from the RT card which
switched a solid-state analogue switch (DG419, Maxim)
that was used to control the signals applied to the sorting
electrodes. The maximum sample rate of the PCI-7030/
6040E and LabVIEWt program was approximately 1kHz.
Control of the sort pulse timing (i.e. delay and duration)
was implemented in the software.
3.5 Numerical simulation
Finite element simulation of the forces on a particle was
carried out using FlexPDE
s [16], a commercial simulation
package. The problem space was deﬁned in three dimen-
sions to be the section of the channel close to the junction
and including sufﬁcient channel length for end effects
generated by the artiﬁcial termination of the channels to
have minimal inﬂuence on the solution of the different
parameters around the junction.
The electrical potential was obtained as a solution of
Poisson’s equation over the whole problem space. The
channel walls were assumed to be insulating boundaries and
the electrodes were represented as sections of the base and
top of the channel at ﬁxed potentials or ground. The
solutions were obtained using adaptive mesh reﬁnement
and the electric ﬁeld and dielectrophoretic force were
calculated from the resulting electrical potential [11, 12]. The
ﬂuid ﬂow was determined by solving the Navier Stokes
equation for the same problem space with a given pressure
drop between the entry channel and the two arms of the
junction. The boundary conditions on the walls, base and
top of the channel were zero ﬂow and Neumann for the
pressure. The entry of the channel was an in-ﬂow condition
at ﬁxed positive pressure and the two exits were outﬂow and
ﬁxed zero pressure. The ﬂuid problem was again solved
using adaptive mesh reﬁnement.
4 Results and discussion
4.1 DEP focussing and optical detection
The focussing electrodes (on the top and bottom internal
surfaces of the channel) ensured that all the particles were
focussed by negative DEP force as they ﬂowed through the
channel. Two sets of focussing electrodes were fabricated
into the device. The ﬁrst set of focussing electrodes was
positioned in the tapered section of the inlet channel to
focus the particles prior to entry into the main section of the
microﬂuidic channel. The second set of focussing electrodes
was positioned just upstream from the detection region and
the sorting electrodes. These precisely focussed all the
incoming particles onto the central streamline ensuring they
all passed through the optical detection region immediately
prior to the sorting electrodes.
The focussing system has been described in detail
elsewhere, [17–19] and will only brieﬂy be discussed here.
A suspension of latex beads suspended in dilute PBS
(300mSm
1) was passed through the device and effective
focussing with particle velocities of up to 10mms
1 was
achieved with voltages of 20V peak-to-peak at 10MHz
lens
objective 
beam splitter  photomultiplier 
optical window 
HeNe laser (633nm) 
or 
mercury arc lamp
CCD
camera 
pinhole 
microchip 
dichroic 
filter 
beam expander 
Fig. 4 Schematic diagram of the confocal optical detection setup
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electrodes held at 0V. The DEP force pushed particles into
the centre of the channel, ensuring that all the particles
passed along the central axis of the ﬂow channel and
through the optical detection zone. For these electrodes and
channel dimensions, the maximum particle velocity for
efﬁcient focussing was 10mms
1.
The detection region was illuminated using the 633nm
laser spot focussed at the centre of the main channel, 50mm
downstream from the focussing electrode array as shown in
Fig. 1. Data from the optical detection system is shown in
Fig. 5. With the DEP focussing switched, on the system is
capable of accurately discriminating between beads of
differing ﬂuorescence intensities. With the focussing
switched off, the signal drops away as particles no longer
transit the detection region. With the focussing electrodes
energised, three intensities of ﬂuorescent beads are clearly
distinguishable in the data.
4.2 Manual sorting
Figure 6 is a series of consecutive frames from a video
showing Cy5-labelled, 6mm diameter beads passing through
the DEP gate. The images were obtained at 24ms intervals
(42 frames per second). Having passed the detection zone,
the particles are focussed by the second set of focussing
electrodes and then deﬂected into one of the two channels,
depending on the applied voltage. The top row shows a
particle being gated to the left and the bottom row a particle
gated to the right. (The bright image in all the frames is due
to beads which have adhered to the channel wall during
previous experiments.) For applied voltages of 20V peak-
to-paek at 10MHz (applied to the active electrodes, all
other electrodes held at 0V) gating into either channel could
be achieved with 100% success at particle velocities up to
1.5mms
1.
Figure 7 shows a superposition of the video frames
showing the tracks of 200 individual particles within the
device; 100 sorted to the right followed by 100 sorted into
the left channel. The tracks are elongated as the particles
move several tens of microns during each video frame. The
trajectory of the particles is reproducible. They all follow the
same path from the focussing electrodes into the outlet
channels. The asymmetry in the particle trajectories seen in
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Fig. 5 Plot showing the photomultiplier signal from the detection
of a mixture of 6mm Cy5 labelled ﬂuorescent beads of three
ﬂuorescent intensities. The effect of the DEP focussing is evident by
comparing the two graphs. With no focussing the confocal detection
system does not register the particles, they ﬂow through the channel
at random positions making detection and discrimination of intensity
impossible
Fig. 6 Sequence of video frames showing particle deﬂection. Top row shows a single particle being gated to the left. Bottom row shows a
particle being gated to the right. The particles appear elongated as they move a considerable distance in the 24ms timeframe of a single video
frame
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Fig. 7 Superimposed images of 200 particles passing through the
sort junction. In this Figure, approximately 100 particles were sorted
to the right and 100 to the left. The image illustrates the reproducible
nature of the particle focussing and the resulting particle trajectories
through the sort region of the device
IEE Proc.-Nanobiotechnol., Vol. ,N o .,   5the Figure is due to imperfections in the channel after
fabrication, giving an uneven ﬂow in the two outlet
channels. These imperfections were not present in the larger
channels.
It was possible to achieve continuous high-speed stream-
ing of particles into one outlet and then the other, at particle
velocities of 1.5mms
1. Faster sorting would be possible
with better control of channel dimensions and accurate
control of ﬂow rates.
4.3 Automated sorting
The real-time control card was used to control the voltage
sequence applied to the gating electrodes. Mixtures of 6mm
Cy5 and 10mm FITC ﬂuorescently labelled latex beads
(ratio of 4:1) were used. The larger device dimensions were
used and particles were illuminated using the mercury lamp.
The system was programmed to sort on the basis of FITC
ﬂuorescence. Any particle with ﬂuorescence emission above
a threshold intensity level triggered a ‘sort’ pulse which was
applied to one set of electrodes. In the ‘no-sort’ state (no
ﬂuorescence) the electrodes on the opposite side of the
channel were permanently energised. The central electrode
in the gate was always connected to ground or zero volts.
The real-time card introduces a small but ﬁnite time delay
between the detection of the ﬂuorescence signal (from the
photomultiplier) and triggering of the voltage pulse. The
sorting voltage was 20V peak-to-peak at 10MHz, with a
sort pulse duration of 500ms. All parameters were set in the
control software. To ensure no false gating, a delay of
100ms was introduced between the detection of the
ﬂuorescence signal and the application of the sorting
voltage pulse. With these parameters, particles could be
sorted at velocities of 300mms
1 with 100% certainty (no
false positives).
Figure 8 shows an image of FITC-labelled beads moving
in one channel of the device with 6mm beads moving into
the other. The device was operated at a throughput of two
particles per second, and for a representative sample of 100
beads the number of missed events (i.e. lost ﬂuorescent
beads) was zero. Four non-ﬂuorescent beads were incor-
rectly gated. The optimal results using automated control
were obtained with a low density of ﬂuorescent particles,
allowing the non-ﬂuorescent particles to be sorted at
10 per second. The automated sorting rate is very slow,
but demonstrates the potential of the device. The speed is
limited by a number of parameters, such as the processing
speed of the real-time card and software (sample rate
o1kHz). Optimisation of the particle concentration,
sorting signal pulse (i.e. delay and duration of the pulse)
and the applied ﬂow rates and voltages is required to
enable faster sorting. The inclusion of electrodes that would
spatially separate particles along the channel axis, as
described by Fiedler et al. [3], would also improve the
sorting speed and efﬁciency.
5 Conclusions
We have demonstrated a device that can sort particles in a
ﬂuid stream. The device operates by combining a
dielectrophoretic force with a hydrodynamic force. Particles
such as latex beads and cells can be manipulated using
relatively low voltages at high transit speeds. Owing to the
small size of the sorting junction, the probability of two
particles being gated at the same time is reduced, which
means that the particle concentrations can be relatively
high, giving increased throughput.
We are currently investigating higher-speed electronics
and improved device designs to optimise the sorting rate of
the device. Implementation of faster electronic control
systems and ﬁne-tuning of the control signal delays
and durations should result in a signiﬁcant increase in
the particle-sorting throughput. Channel shape and size
and electrode placements are all adjustable parameters. We
estimate that sort rates up to 1000 particles per second
should be achievable with further reﬁnement.
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